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ABSTRACT 
 
Nanometer scale metals are of great interest due to their potential applications in the 
future of molecular/atomic scale devices. For example, nanometer scale metal contacts on 
semiconducting single-walled carbon nanotubes (SWNTs) can determine the transport 
performance of SWNT based field effect transistors (FETs). In this thesis, I have used an 
ultrahigh vacuum (UHV) scanning tunneling microscope (STM) to fabricate nanometer 
scale metallic features on the Si(100)-2×1:H surface and form nanoscale metal contacts 
on the SWNTs. Scanning tunneling spectroscopy (STS) is used to study the electronic 
properties of the metallic features and the nano-contacts. Two kinds of metallic features 
are studied. First, an unpaired dangling bond (DB) can be formed on Si(100)-2×1:H 
surface using an STM nanolithography method. The unpaired DB, which shows metallic 
behavior, can perturb its surroundings electronically up to ~1.9 nm by introducing a 
near-midgap state in the local density of states (LDOS) of neighboring Si atoms. The 
decay length of the DB-states of an unpaired DB wire can be ~2.5 nm along the dimer 
row direction. The perturbation of an unpaired DB to an adjacent paired DB is also 
demonstrated. Second, sub-5 nm HfB2 metals can be direct written on the Si surface 
using STM electron beam induced deposition (STM-EBID). Nanoscale contacts between 
HfB2 metal and semiconducting SWNTs can be formed by direct writing HfB2 onto a 
SWNT or by manipulating a SWNT with the STM tip onto HfB2. STS studies indicate a 
strong Schottky barrier formed at the HfB2/SWNT interface, which induces metallicity in 
the SWNT. Metal induced gap states (MIGS) are also observed adjacent to the contact. 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Background 
Motivated by extending Moore’s Law [1], the field of nanometer-scale electronics 
has received a growing interest with the pressing need to scale down the characteristic 
dimensions of conventional Si-based CMOS technology. The feature size used in current 
Intel processors is as small as 22 nm. This trend is expected to continue in the next 
decade. The ultimate goal is the single molecule/atom transistor [2-5]. The need for 
nanometer-scale or atomic-scale metals as contacts is a key point for future device 
development. Conventional top-down fabrication (e.g. photolithography) technologies are 
approaching their fundamental size limit. New fabrication strategies must be developed. 
Since its invention, the ultrahigh vacuum (UHV) scanning tunneling microscope 
(STM) has been used to gain knowledge of surface structure and molecular organization 
in the fields of physics, chemistry, and biology and has enjoyed widespread acceptance in 
many areas of science and technology [6, 7]. Concurrently, UHV-STM has emerged as an 
essential tool in the fabrication of nanoscale structures, especially for nanolithography on 
the hydrogen passivated Si(100)-2×1 surface [8-10] and STM electron beam induced 
deposition (STM-EBID) of sub-10-nm metals [11-17]. Furthermore, The UHV-STM 
permits the correlation of atomically resolved topographic images with spectroscopic data 
typically in the form of scanning tunneling spectroscopy (STS). Thus, the UHV-STM is 
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an ideal instrument for fabricating nanometer scale metal features and for studying their 
electronic properties.  
Using UHV-STM, one can controllably desorb hydrogen from the H-Si(100)-2×1 
surface at atomic level resolution using feedback-controlled lithography (FCL) [8]. An 
unpaired Si dangling bond (DB), formed by removing only one hydrogen atom from a Si 
dimer, can be considered as a quasi zero-dimensional (0D) feature. An unpaired DB wire 
along the direction of silicon dimer row shows one-dimensional metallic behavior, which 
has potential applications in atomic-scale devices [18-20]. Charged DBs can serve as 
atomic scale quantum dots (QDs) [21-23] leading to the construction of a room 
temperature quantum-dot cellular automata (QCA) cell [21]. A detailed understanding of 
the electronic structure of the unpaired DB is needed to exploit it in future nano-devices.  
Since their discovery in 1991 [24], carbon nanotubes (CNTs) have been the focus of 
extensive research for many potential applications in sensing, chemistry, biology, and 
electronics [25-27]. Due to their perfect one-dimensional crystalline structure, 
single-walled carbon nanotubes (SWNTs) exhibit unusual physical, chemical, mechanical 
and electrical properties [27-32]. Single-walled carbon nanotube field effect transistors 
(SWNT-FETs) were first demonstrated in 1998 [33]. It has been shown that these 
transistors can achieve ballistic transport and can sustain high current densities while 
dissipating very low DC power [33]. The nanoscale contact formed at the metal and 
semiconducting nanotube interface is one of the most important subjects in SWNT-FETs 
[33-36] because the overall performance of the device is significantly affected by the 
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amount of power dissipated at the contact [37-39]. Consequently, understanding the 
electronic structure of the nanoscale metal-SWNT contacts is essential for future device 
applications. 
 
1.2 UHV-STM System 
Figure 1.1 shows a photograph of the UHV-STM system used in all the STM 
experiments in this thesis. The system is physically located in the laboratory of Professor 
J. Lyding on the third floor at the Beckman Institute for Advanced Science and 
Technology, University of Illinois at Urbana-Champaign, Urbana, Illinois. Two large 
UHV chambers are each individually pumped by an ion pump which maintains a base 
pressure of < 1.0×10-10 Torr. Both chambers are equipped with titanium sublimation 
pump for additional pumping. The right chamber in the image is called the STM chamber, 
which is the housing chamber for the Lyding-design STM scanner [40]. The sample 
preparation chamber on the left is isolated from the STM chamber by a UHV gate valve. 
A dipstick on top of the sample preparation chamber has electrical feedthroughs that 
allow resistive sample heating and tip degassing. Additional tungsten filaments in the 
dipstick allow radiative heating of the dipstick up to 250 °C. Tungsten and titanium 
filaments are also available in the preparation chamber. Also attached to the preparation 
chamber is a small loadlock chamber, which enables introduction of samples and tips 
from ambient environment. The loadlock can be pumped down to ~ 1.0×10-9 Torr by a 
mechanical pump and a turbomolecular pump. Two linear translation manipulations 
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(LTMs) and a wobblestick are responsible for tip/sample handling and transfer. 
Within the STM chamber, the STM microscope is mounted on an aluminum stage. 
A vibration isolation system comprised of customized springs, viton ropes and magnets is 
used to isolate the STM stage from the UHV chambers. Figure 1.2 shows a schematic of 
the Lyding-design STM microscope. Two thermally compensated concentric piezo tubes 
are used for tip and sample motion. A scan size of up to ≈ 6 µm in length, an offset (x,y) 
range of ≈ 3 mm, and a vertical tip (z) range of > 1 µm can be achieved. The outer tube is 
responsible for bringing the sample into tunneling range, and the inner tube is used to 
position tip in (x,y,z) directions at atomic level resolution. The unique concentric-cylinder 
design can limit thermal drift to the order of angstroms per hour, enabling lengthy STS 
experiments at room temperature. A detailed description of the STM design can be found 
in reference [40]. 
 
1.3 Polycrystalline Tunsten STM Tips 
Electrochemically etched polycrystalline tungsten tips were used for all the STM 
experiments in this thesis. For tip preparation, we used a DC drop-off technique [41]. A 
9-mil W wire is suspended through a 3 M NaOH film supported by a gold loop ~1 cm in 
diameter, which is used as the counter electrode. When a DC bias voltage is applied 
between the tungsten wire and the gold loop, with the wire as the anode, anodic 
dissolution of tungsten occurs at the air/electrolyte interface. The lower portion of wire 
drops off when its weight exceeds the tensile strength of the etched or necked down 
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region of the wire. The drop-off tip is usually collected since the etching is stopped 
immediately when drop-off occurs. The upper part is discarded due to excess etching. 
After drop-off, the STM tips are rinsed with deionized water for at least 30 seconds, and 
then dried with nitrogen. The STM tips are routinely imaged with transmission electron 
microscope (TEM) to choose the suitable tips for STM experiments. One major problem 
of the electrochemically etched tungsten tips is that tungsten oxide is usually formed at 
the tip apex, and the final geometry of the tip apex could be determined by the etching 
voltage. Figure 1.3 shows TEM images of polycrystalline tungsten tips etched at different 
voltages. At low etching voltage (< 2.0 V), a jagged tip apex with almost no oxide is 
usually obtained, as shown in figure 1.3(a). A thick oxide layer can form around a sharp 
tungsten tip by using a high etching voltage (> 4.5 V). Reasonably sharp tips with a thin 
oxide layer can be produced with an intermediate etching voltage (2.0 V – 4.5 V). To 
reduce the oxide at the apex and avoid jagged tip, recently we developed a two-step 
etching process. In the coarse etching step, 3 M NaOH etchant solution is used. A large 
DC voltage (typically 10 V) is applied between electrodes. A multimeter is used to 
monitor the etching current. Once the current drops to a range of 4-5 mA, we switch to 
the fine etching step. In this step, 0.5 M NaOH etchant solution and a small DC voltage in 
a range of 2.2 V to 3.0 V are used. The etching voltage and the concentration of the 
etchant solution are carefully selected so that the ending current is in a range of 1.0 to 2.0 
mA. Under these conditions, the etching rate of W wire is fast enough to get a singular 
apex at drop-off, and is slow enough to avoid forming a thick layer of oxide on the tip 
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apex. Figure 1.4 shows typical TEM images of the STM tips etched by the two-step 
etching method. Near oxide-free tips can be obtained. The tungsten tips are sharp with a 
radius of curvature < 5 nm. STM tips are degassed in UHV in the preparation chamber 
over a period of 10 h before the STM experiments. 
 
1.4 Thesis Overview 
The objective of this thesis is to determine the electronic structure of nanometer 
metallic features both created and studied using STM/STS techniques. Chapter 2 focuses 
on the study of the electronic properties of an unpaired Si dangling bond. The surface 
states of a single Si DB induce a near-midgap state in the neighboring silicon lattice. The 
decay length for the DB state is anisotropic, longer along the dimer row direction, while 
shorter in a direction perpendicular to the dimer row. A DB wire created by removing 
hydrogen atom by atom along a Si dimer row shows 1-D metallic behavior. The decay 
length along the dimer row direction is much longer than that for an individual Si DB, 
while it is comparable in the direction perpendicular to the dimer row. The extent to 
which an unpaired Si DB perturbs the electronic properties of an adjacent paired DB is 
also quantified. Chapter 3 illustrates how the UHV-STM can be used to direct write sub-5 
nm metallic nanostructures at room temperature. With a carbon free low temperature 
CVD precursor Hf(BH4)4, metallic HfB2 nanostructures can be deposited on a hydrogen 
passivated Si(100)-2×1 surface by the STM-EBID method. STS is used to confirm the 
metallic behavior of the HfB2 nanostructures. Chapter 4 demonstrates forming 
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nanocontacts between HfB2 metal and semiconducting SWNTs by UHV-STM. The 
detailed electronic structures of the nanocontacts are studied using STS. We also 
investigate the influence of the nanoscale HfB2 metal on the electronic properties of 
semiconducting SWNTs. Finally, the conclusions drawn from this thesis are presented in 
Chapter 5. 
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1.6 Figures 
 
 
 
 
Figure 1.1: Chamber D ultrahigh vacuum system for scanning tunneling microscopy.  
This system is housed in Prof. Joseph Lyding’s laboratory at the Beckman 
Institute for Advanced Science and Technology at the University of Illinois 
at Urbana-Champaign. 
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Figure 1.2: The schematic illustration of the cross section of a Lyding STM. The 
design utilizes two concentric piezo tubes: an outer translation tube for 
bringing the sample into tunneling range and an inner tube for scanning. 
This figure is courtesy of Prof. Joe Lyding. 
 13 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: TEM images of the W STM tips etched at different etching voltages. (a) 
Jagged tip apex formed with a low voltage of 1.6 V. (b) Thin oxide tip etched 
with an intermediate etching voltage of 3.0 V. (c) Thick oxide layer form 
around a super sharp W tip etched with a high etching voltage of 7.0 V. 
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Figure 1.4: TEM images of the W STM tips etched by two step method. Near oxide free 
sharp tips are obtained. The etching voltage and current at drop-off is (a) 2.4 V and 1.5 
mA, (b) 2.5 V and 1.0 mA, and (c) 3.0 V and 2.0 mA. 
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CHAPTER 2 
 
 SCANNING TUNNELING SPECTROSCOPY AND DENSITY FUNCTIONAL 
CALCULATION OF SILICON DANGLING BONDS ON THE Si(100)-2×1:H 
SURFACES 
 
2.1 Introduction 
Silicon dangling bonds (DBs) are common defects observed on the Si(100) surface. 
The DB states induced within the bandgap of Si are responsible for the Fermi level 
pinning at the surface[1]. It has been shown that by using ultrahigh vacuum (UHV) 
scanning tunneling microscope (STM), one can selectively pattern silicon (Si) dangling 
bonds (DBs) with atomic level precision on the hydrogen-passivated Si(100) surface 
[2-4]. For example, an atomic wire can be formed on the H-Si(100) surface by removing 
H atom by atom using STM tip along a Si dimer row. Due to the coupling of the DB 
states in the wire, the unpaired DB wire shows one-dimensional metallic behavior, which 
could be used as an atomic size interconnect [5]. In addition, charged DBs can serve as 
atomic scale quantum dots (QDs)[6-8] leading to the construction of a room temperature 
quantum-dot cellular automata (QCA) cell [6]. Furthermore, Si DB patterns can also be 
used as templates for subsequent selective chemistry due to the difference in reactivity 
between bare and hydrogen passivated silicon [9]. The potential applications to 
atomic-scale electronic devices arouse an increased interest in the study of Si DBs. 
Understanding the electronic properties of silicon DBs is essential for their 
integration into future atomic scale electronics. Piva et al. [6] demonstrated by STM that 
a negatively charged unpaired DB can electrostatically perturb the I-V characteristics of a 
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nearby styrene molecular wire. Recently, Raza et al. [10] studied the same case 
theoretically and proposed that the unpaired DB can introduce a near-midgap state in the 
local density of states (LDOS) of neighboring Si atoms. The DB-induced gap states 
(DBIGS) can have an additional electronic contribution to the perturbation within a 1 nm 
region. The decay of the near-midgap DB state of the unpaired DBs could be used to 
engineer the electronic properties of other atomic scale devices. However, further 
experimental evidence of this behavior is lacking.  
In this study, we use UHV-STM and Spanish Initiative for Electronic Simulations 
with Thousands of Atoms (SIESTA) calculations to investigate the decay of DBIGS from 
unpaired DBs and unpaired DB wires. We also demonstrate the perturbation from an 
unpaired DB upon a paired DB within 1 nm. 
 
2.2 Experimental Methods 
The silicon used in this study is boron doped Si(100) which has a resistivity of 
0.01-0.02 Ω · cm. The hydrogen passivated Si(100)-2 × 1 surface was prepared by first 
degassing in UHV in the preparation chamber at 600 °C overnight. The Si sample was 
subsequently flashed to ~ 1200 °C several times to form the clean Si(100)-2×1 surface. 
Finally, the reconstructed silicon sample was exposed to atomic hydrogen at 377 °C to 
ensure a hydrogen passivated surface with monohydride coverage [2]. 
  The STM experimental data were collected within a homebuilt UHV-STM [11] 
with a base pressure of approximately 7 × 10-11 Torr. Electrochemically etched 
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polycrystalline tungsten tips were used. In our experimental setup, the tip is grounded 
through a current preamplifier and the bias voltage is applied to the sample. STM images 
were acquired in constant current mode, with a typical setpoint tunneling current of 50 
pA. Individual DB patterns were created by the feedback control lithography (FCL) 
method [4]. The feedback loop immediately terminates patterning once a hydrogen 
desorbing event is detected. DB wires were fabricated by repeatedly using FCL to make a 
row of DBs. Scanning tunneling spectroscopy (STS) is conducted by collecting tunneling 
current-voltage (I-V) spectra at user defined locations within the scan window. The tip is 
held at those locations with the feedback loop temporarily disabled. Tunneling current is 
recorded while sweeping sample bias from -2.0 V to +2.0 V. All the experiments were 
carried out at room temperature. 
 
2.3 Theoretical methods 
To explore the electronic properties and compare them with experimental results of 
the effect of the Si DBs on the silicon surface, we performed SIESTA calculation based 
on fully self-consistent density functional theory (DFT) methods [12]. A generalized 
gradient approximation (GGA) [13] with revised Perdew-Burke-Ernzerhof (RPBE) is 
implemented for the parameterization of the exchange-correlation functional [14]. The 
norm-conserving pseudopotentials are implemented by using the Troullier-Martin scheme 
[15]. A mesh cutoff of 500 Ry and double zeta basis plus polarization numerical atomic 
orbitals are constructed, and 8×8×1 Monkhorst-Pack for k-point mesh generation [16] is 
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used.  
We construct an 5 layer Si(100)-(2x1) unit cell for unpaired DB and unpaired DB 
wire case, and use 13 layers for paired DB and paired plus unpaired DB case. Once the 
bulk structure with a 6×3 unit cell for each different layer is optimized until the residual 
force is less than 0.01 eV/Å, the band structure is computed at the highest symmetrical 
direction on the surface brillouin zone of silicon showing a 1.06 eV bandgap. Finally, we 
set up several DBs configurations using the unit cell for each case and compute the band 
structure and LDOS. Additional structural optimizations after removing DBs are not 
considered due to its negligible effect on the band structure.[17] Detailed information for 
each different construction for the different DB states is shown in Table 2.1. DBs are 
removed according to the same configurations done in the STM experiments. 
 
2.4 Results and Discussion 
Figure 2.1a shows a filled-state STM image of an unpaired silicon DB fabricated by 
STM on the Si(100)-2x1:H surface. The unpaired DB appears as a bright protrusion in the 
filled-state image due to its enhanced LDOS. The bright feature appears off-center on the 
dimer row, indicating that only one hydrogen was desorbed from a Si dimer and an 
unpaired DB was formed. To investigate the electronic properties of the unpaired DB, we 
took current-voltage (I-V) spectra across the DB at each pixel along a line. Figure 2.1c 
shows the Log I-V spectra map taken along the Si dimer row direction. The position 
along the dimer row direction is represented on the horizontal axis, the applied sample 
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bias plotted on the vertical axis, and the log I value color-mapped onto the plane. The 
unpaired DB shows metallic behavior while the Si substrate ~2 nm away from the DB 
returns to a semiconducting band gap of 1.10eV. However, the transition between 
metallic and semiconducting region is not abrupt. There exists a transition region from 
the center of the unpaired DB to the location at which the full Si band gap is recovered. 
The lengths of the transition regions are 1.91 nm to the left and 1.65 nm to the right, as 
shown in figure 2.1c. The DB switched position to the right Si atom in the same Si dimer 
after recording several sets of spectra data. The topographic image is shown in figure 
2.1b. The hydrogen atom intradimer diffusion under the field of STM tip at room 
temperature has been observed before [18]. Figure 2.1d shows log I –V spectra map in the 
direction perpendicular to the Si dimer rows. The transition regions are 1.37 nm and 1.16 
nm to the left and right of the DB respectively, around 30% smaller than those along the 
dimer row directions. This is because the Si dimers along the dimer row direction have a 
close proximity of 3.84 Å, while the separation between dimers along the dimer row 
directions is 7.68 Å. Thus the DB state of the unpaired DB can decay further into the Si 
lattice along the dimer row direction.  
Figure 2.1e shows the LDOS plot of unpaired DB and the Si substrate. The unpaired 
DB shows finite (non-zero) LDOS throughout the band gap of Si substrate and has a peak 
at 0.74 eV. It has been shown that the near midgap state for the case of an unpaired DB is 
very flat [17], and this has also been observed in the calculations. Therefore, we 
implement DFT-molecular dynamics (MD) simulations to study the effect of finite 
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temperature to compare it to the experiment result. Coordinates of each step at 300K 
from DFT-MD are obtained to compute the band structure, and the locations of near 
midgap states are measured to be around 0.363 eV, showing the thermal broadening effect 
at finite temperature. Simulation results of LDOS of DB state along and across Si dimer 
row direction are shown in figure 2.1f and 2.1g respectively and they show rapid 
decaying of the DB contribution to the near midgap state in LDOS. The DB state finally 
disappears at 1.54 nm from the DB center along dimer row direction. As for the across 
dimer row direction, the transition regions are 1.32 nm and 1.0 nm to the left and right of 
the DB respectively, which are in reasonable agreement with experiment.  
By tuning the patterning parameters, we can desorb both hydrogen atoms from the 
same Si dimer to form a paired DB. Unlike an unpaired DB, a DB pair is imaged at the 
center of the dimer row in a filled-state image; an example is shown in Figure 2.2a. 
Figure 2.2c shows the Log I-V spectra map across the paired DBs. A band gap of 0.90 eV 
is observed on the paired DBs, while the adjacent Si substrate continues to exhibit a band 
gap of 1.10 eV. In contrast to the unpaired DB, there is no apparent transition region 
between the paired DBs and the adjacent Si. The LDOS of the paired DBs, shown in 
figure 2.2e, consists of two peaks, at -0.30 eV and 1.02 eV. These are from bonding (π) 
and anti-bonding (π*) states of the paired DBs. Compared to the Si substrate, the π* state 
is 0.24 eV below the conduction band and the π state is close to the valence band (0.04 
eV below). The experimental result is consistent with the calculated band structure of a 
paired DB, which is shown in Figure 2.2f, which shows that the π* state is 0.22 eV below 
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the conduction band and the π state is close to the valence band (0.02 eV below). To 
study the interaction between a paired and an unpaired DB, we introduce a DB cluster 1.8 
nm away from the paired DB in figure 2.2a. The topographic image is shown in figure 
2.2b. The DB cluster consists of a paired DB and an unpaired DB next to it. The unpaired 
DB is 1.9 nm to the rightof the paired DB. So the influence from the unpaired DB on the 
left paired DB is negligible. However, the distance between the right paired DB and the 
unpaired DB is only 0.66 nm. We expect a strong interaction between these two DBs. 
Figure 2.2d shows an STS spectra map across both paired DBs in the dimer row direction. 
The left paired DB shows a band gap of 0.90 eV experimentally, as expected, and 0.888 
eV from the simulation. However, the band gap of the right paired DB is reduced to 0.78 
eV, or to 0.79 eV by simulation. The LDOS plot in Figure 2.2e indicates a shift of the π* 
state peak to 0.88 eV. The result is also consistent with the calculated band structure 
shown in Figure 2.2g.  
Figure 2.3a shows an unpaired DB wire consisting of seven unpaired DBs along the 
dimer row direction. An additional unpaired DB is formed on the next dimer row due to 
spurious depassivation. STS spectra maps were taken both along the dimer row direction 
and across the dimer row direction to reveal the electronic properties of the DB wire. 
Figure 2.3b shows the log I-V spectra map along the dimer row direction. With strong 
interaction between the DBs just 3.84 Å away from each other, the whole DB wire 
exhibits metallic behavior. The decay length of the DB state is much longer than that in 
the single DB case. The transition region, where the band gap of the Si is reduced due to 
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DB-state induced gap states, is in a range of 2-2.5 nm from the ends of the wire, along the 
dimer row. However, in the direction perpendicular to the dimer rows, the decay length of 
the DB states is comparable to the single DB case. As shown in figure 2.3c, the length is 
about 1.1 nm. Simulation results from studying the LDOS decay of the unpaired DB wire 
state along and across Si dimer row direction are shown in figure 2.3d, and 2.3e 
respectively. As shown for unpaired DB, the midgap DB state contribution decays rapidly. 
The DB state finally disappears at 1.90 nm for along dimer row and 1.00 nm to the left 
and 1.32 nm to the right for across dimer row direction from the outermost DB 
respectively, which shows reasonable agreement with experiment. 
 
2.5 Conclusions 
In summary, we investigated the lateral decay of DB states around an unpaired DB. 
The decay length is anisotropic on the Si(100) surface. The near-midgap state of an 
unpaired DB decays ~1.9 nm into adjacent Si atoms along the Si dimer row, while the DB 
states disappear ~1.4 nm across the Si dimer rows, and simulations agree with these 
experimental values. With the increasing interactions along the dimer row direction, the 
decay length of an unpaired DB wire increases to ~ 2.5 nm along the Si dimer row 
direction, while the decay length in the direction perpendicular to the dimer row is 
comparable to that of the unpaired DB. We also demonstrated that an unpaired DB can 
perturb the electronic property of an adjacent paired DB, reducing the bandgap of the 
paired DB from 0.90 eV to 0.78 eV. Another paired DB 1.9 nm away from the unpaired 
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DB remains unperturbed.  
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2.7 Table and Figures 
 
 
 
Unit cell construction Unit cell Number of Atoms 
Unpaired DBa 6x9 593 
Unpaired DBb 8x6 527 
Unpaired Wire DBsa  4x16 698 
Unpaired Wire DBsb 12×6 786 
Paired DBs 6×6 682 
Paired and Unpaired DBs 6×6 681 
 
Table 2.1 Details of unit cell setup. aAlong and bAcross the Si dimer row direction. 
Number of atoms includes silicon and hydrogen atoms. 
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Figure 2.1 (a) Filled-state STM image of an unpaired dangling bond on Si(100)-2x1:H 
surface. (Vs = -2.0 V, It = 50pA) (b) STM image of the DB in the same Si 
dimer after switching position from left to right. (c,d) Log I-V spectra plotted 
as a function of position in (c) for the unpaired DB in (a) and in (d) for the 
DB in (b). Red dotted arrows in (a) and (b) denote where the I-V spectra map 
were taken. The green dotted lines in (c) and (d) are used to highlight the 
positions of the center of the unpaired DB and where the Si bandgap is fully 
recovered. (e) DOS-V spectra of the unpaired DB in (a) and silicon substrate. 
(f) Simulated LDOS of Si atoms along the Si dimer direction with the 
distance from DB. (Inset shows the magnified view for atom B,C, and D.) (g) 
Simulated LDOS of Si atoms across the Si dimer direction with the distance 
from DB. (Inset shows the magnified view for atom F,G,H, and I.) 
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Figure 2.2 (a) STM topographic image of a paired DB fabricated by removing two 
hydrogen atoms from the same Si dimer. (b) STM topographic image of a 
DB cluster formed to the right of the paired DB in (a). (c) Log I-V spectra 
map taken on the paired DB, as indicated by the red dotted arrow in (a). (d) 
Log I-V spectra map taken across both paired DBs in (b) along the red 
dotted arrow. (e) DOS-V spectrum for both paired DBs and Si substrate in 
(b). Simulation results are plotted in (f) for the paired DB and (g) for the 
paired DB and unpaired DB case. 
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Figure 2.3 (a) STM topographic image of an unpaired DB wire along dimer row 
direction. The scanning parameters is 50 pA and -2.0 V. Log I-V spectra map 
are plotted as a function of position for (b) along the dimer row direction 
and for (c) perpendicular to the dimer row direction. The dotted red arrows 
denote where the spectra were taken. Simulation results are following. (d) 
Simulated LDOS of Si atoms along the Si dimer direction with the distance 
from unpaired wire DBs. (Inset shows the magnified view for atom B, C, D, 
and E.) (e) Simulated LDOS of Si atoms across the Si dimer direction with 
the distance from unpaired wire DBs. (Inset shows the magnified view for 
atom F, G, H, I, J, and K.) 
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CHAPTER 3 
 
 DIRECT WRITING OF SUB-5 NM HAFNIUM DIBORIDE METALLIC 
NANOSTRUCTURES  
 
 
3.1 Introduction 
The patterning of metallic nanostructures on surfaces is of great interest in 
fabricating nanoelectronics and quantum devices. For example, nanometer scale metals 
are potentially useful not only as interconnects between devices, but also as functional 
elements of Coulomb blockade devices such as single electron transistors (SETs) [1]. To 
operate a SET at room temperature, the island size must be smaller than 10 nm [2]. 
Current top-down fabrication technologies used in industry involve conventional 
lithographic processes, which are approaching their fundamental size limits. Sub-10 nm 
features are hard to achieve using the conventional lithographic technology, even for 
electron beam lithography [3]. To overcome this barrier, new fabrication strategies must 
be developed. 
In 1994, Lyding et al. demonstrated creating atomic scale silicon dangling bond 
patterns on a hydrogen passivated Si(100)-2x1surface using a UHV-STM [4]. The 
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difference in reactivity between bare and hydrogen terminated silicon allows nanometer 
scale metal patterning on silicon surfaces [5]. Both physical vapor deposition (PVD) 
[6-14] and chemical vapor deposition (CVD) [15-18] methods were exploited for metal 
delivery to silicon substrates. In most PVD experiments, metal grows preferentially on 
bare silicon areas. However, undesired metal growth on hydrogen terminated regions 
limits its application. In contrast, a molecular precursor dissociates and deposits metal 
primarily on bare silicon area by CVD, leading to minimal contamination of the hydrogen 
terminated background. In CVD, the substrate is usually heated to induce the CVD 
reaction. The precursor molecules must be carefully chosen so that the CVD reaction 
temperature will not exceed the hydrogen desorption temperature (520 °C) [19].  
Electron beam induced deposition (EBID) is an alternative to the PVD and CVD 
methods. It is a direct writing method which forgoes the nanolithography steps and no 
substrate heating is required [20]. EBID employs a scanning electron microscope electron 
beam to crack molecules that are introduced to a surface in the gas phase. Typically, these 
molecules are the same ones used for thermal CVD. To further enhance the spatial 
resolution of EBID a negatively biased scanning tunneling microscope (STM) tip can be 
used as the electron source. The resulting fragments deposit onto the surface in patterns 
governed by the movement of the STM tip. STM-EBID experiments have been 
performed to write sub-10nm features using CVD precursors for several metals, including 
W [21], Fe [22, 23] , Al [24, 25], Ti [16], Ni [26] and Pd [27], but these experiments did 
not confirm that the deposits were metallic, for example by means of transport or 
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scanning tunneling spectroscopy (STS) measurements. Most CVD precursors afford pure 
films only if certain specific bonds are cleaved; in contrast, primary electrons from the 
EBID beam and secondary electrons emitted by the surface are energetic enough to break 
every bond. For this reason, EBID often is unable to produce the clean deposits that are 
characteristic of CVD with the same precursor. For example, EBID of organometallic 
CVD precursors typically results in the incorporation of high levels of carbon: whereas 
Fe(CO)5 gives iron films under CVD conditions, STM-EBID deposition from this same 
precursor affords carbide films with carbon contents of 27-52 atomic percent[22]. 
To avoid the carbon contamination issue while retaining the resolution benefits of 
STM-EBID, we have deposited metallic hafnium diboride (HfB2) from a carbon-free 
precursor tetrakis(tetrahydroborato)hafnium, Hf(BH4)4. HfB2 is a metallic ceramic with 
attractive engineering properties: a high melting point of 3250 °C, a low bulk resistivity 
of 15 µΩ cm, and a high bulk hardness of 29 GPa [28]. Recent research has shown that 
highly conductive HfB2 thin films can be deposited by thermal CVD from Hf(BH4)4 at 
low CVD growth temperatures (≥ 200 °C) [29, 30]. In this work, we use the Hf(BH4)4 
precursor to write metallic HfB2 nanostructures directly onto hydrogen-passivated 
Si(100)-2x1 surfaces using STM-EBID at room temperature. Spatially resolved tunneling 
current-voltage (I-V) spectroscopy is used to characterize the electronic properties of the 
nanostructures. 
  
3.2 Experimental Details 
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Our experiments were performed using a homebuilt room temperature UHV-STM 
with a base pressure of less than 7.5 × 10-11 Torr [31]. The Hf(BH4)4 gas delivery system 
consists of a Hf(BH4)4 reservoir, a leak valve, and a stainless steel capillary doser in the 
UHV chamber. The precursor Hf(BH4)4 is a solid with a convenient vapor pressure of 
~15 Torr at room temperature. The precursor was maintained at 0 °C in a glass vial 
immersed in an ice-water bath in order to enhance its shelf life. The flow was regulated 
by the leak valve and delivered to the sample through a 0.4 mm i.d. stainless steel tube 
pointing directly at the tip-sample junction at a distance of about 1 cm. For this 
configuration the local precursor pressure at the tip-sample junction is estimated to be 
about a factor of 2000 greater than the measured chamber background pressure [32]. 
HfB2 depositions were conducted on B-dopd p-type Si(100)-2x1:H substrates with a 
resistivity of 0.01 – 0.02 Ω cm. Electrochemically etched tungsten tips were used for both 
imaging and metal deposition. Topographic images were acquired in a constant-current 
mode, current setpoint was typically 50 pA and the sample was biased at -2 V. STS data 
were collected by holding the STM tip at a predefined position within the scan window, 
disabling the feedback loop, and sweeping the sample voltage from -2 V to 2 V while 
recording the tunneling current. 
 
3.3 Results and Discussion 
To investigate the adsorption of Hf(BH4)4 on the silicon surface and the selectivity 
of Hf(BH4)4 between bare and hydrogen-terminated silicon at room temperature,  we 
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patterned the Si(100)-2×1:H surface by desorbing hydrogen in selective areas. Figure 
3.1a shows an image where the hydrogen has been desorbed in a square pattern by 
moving the STM tip in a series of closely spaced parallel lines. The sample patterning 
bias was 7 V and the current and electron dose were 0.1 nA and 1.0 × 10-4 C/cm, 
respectively. The clean silicon appears brighter (~ 1.5 Ǻ higher) in Figure 3.1a due to the 
enhanced density of states of dangling bonds.   
Figure 3.1b shows the same patterned area after dosing Hf(BH4)4 at a local pressure 
of 2 × 10-6 Torr for 2 minutes at room temperature. The Hf(BH4)4 shows great selectivity 
between bare and H-terminated silicon. No adsorption of Hf(BH4)4 was observed on the 
hydrogen-terminated area, even the silicon dangling bonds remained intact. However, 
more than 70% of patterned bare silicon area was re-passivated. Further dosing of 
Hf(BH4)4 results in no change of the pattern. Figure 3.1c is a zoom-in image of the square 
area in figure 3.1b taken from the interior of the patterned area. Silicon dimer rows are 
clearly visible all over the image; the bright ball shaped features are unpassivated 
dangling bonds with a height around 1.5 Ǻ, while the re-passivated regions are darker due 
to the lower density of states for tunneling.  
Although the detailed mechanism how the Hf(BH4)4 reacts with bare silicon surface 
is still under investigation, we speculate that at room temperature Hf(BH4)4 cracks 
dissociatively on Si(100). The atomic hydrogen produced in the process passivates the 
clean silicon surface. With the increase of the re-passivated area, the decomposition of 
additional Hf(BH4)4 is inhibited due to a steric effect, leading to a partial re-passivation.  
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It is important to note, that no deposition of HfB2 is observed on either the 
hydrogen passivated or clean silicon areas. This is expected since the CVD reaction of 
Hf(BH4)4 will not occur under 200 oC [29].   We did not observe any adsorbed 
fragments on the surface after exposure to the precursor, suggesting a low sticking 
coefficient of Hf-containing species on both H-terminated and bare silicon surface. All 
features higher than dangling bonds observed in figure 3.1c were present prior to 
exposure. 
The aforementioned control experiment suggests that a certain amount of energy is 
required to initiate the HfB2 deposition on the silicon surface. In contrast to conventional 
thermal CVD, which uses the thermal energy from the surface of a heated substrate, we 
use the electron beam from the STM tip to decompose the Hf(BH4)4 molecules and 
initiate the deposition under the tip. By repeatedly scanning the STM tip along a line path, 
well-defined HfB2 nanowires are directly written onto the silicon surface. No deposit 
forms in the absence of the precursor, which rules out the possibility that the deposits are 
tungsten transferred from the tip. Figure 3.2a is a topographic image of an HfB2 nanowire 
deposited on the surface using +7 V sample bias and 0.1 nA tunneling current. During 
deposition the STM tip was scanned over a line 36 times with a writing speed of 10 nm/s. 
The Hf(BH4)4 background pressure is 5 × 10-9 Torr, which gives a local pressure of ~ 1 × 
10-5 Torr. The height profiles in Figure 3.2b and c show that the resulting nanowires are 
only 4 nm wide and 2 nm thick on average. The HfB2 is deposited only under the STM 
tip; the surrounding substrate remains clean. Deposition occurs at both positive and 
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negative sample bias, with a much higher deposition rate at positive sample bias. By 
comparing the volume of the nanostructures fabricated at the same conditions except bias 
polarity, we found the deposition rate at positive sample bias could be 30 times greater 
than that at negative sample bias. The deposition rates increase with writing voltage, and 
no voltage threshold was observed so far. It is interesting to note that tip length increases 
at negative writing voltage indicating HfB2 grows on the tip. It could be used as a 
tip-conditioning method. In thermal CVD using the same precursor, Kumar et al. found 
that dehydrogenation of a hydrogen-terminated Si(100) substrate by remote plasma 
treatment enhanced the HfB2 nucleation density by two orders of magnitude [33]. As a 
working hypothesis, we assume that hydrogen desorption by the STM tip is required 
before HfB2 can grow in our experiment.  
To investigate the mechanism by which the HfB2 wires are deposited by STM-CVD, 
we wrote a series of wires with varying writing time. Figure 3.3a shows four HfB2 
nanowires deposited onto the Si(100)-2×1:H surface, varying only the number of 
repetitions. Wires 1 – 4 were deposited at a +5 V sample bias and a 1 nA tunneling 
current with a writing speed of 10 nm/s. The number of repetitions of each wire is 20, 40, 
60 and 80 times, respectively, giving rise to a deposit time of 80, 160, 240 and 320 s, 
respectively on each wire. The local Hf(BH4)4 pressure was ~ 4 × 10-6 Torr. Figure 3.3b 
shows a line contour taken from the topographic image in figure 3.3a. The height of the 
HfB2 nanowires increases with writing time, whereas the line width remains nearly the 
same. This result suggests that lateral diffusion of the precursor fragments, either in the 
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gas phase or on the surface, must be relatively unimportant. Instead, as usual, the line 
width is governed principally by the size of the electron beam and the angular range of 
the secondary electrons emitted by the surface. 
At the earliest stage of growth, discontinuous HfB2 islands are formed. The size of 
the HfB2 islands increases with further deposition, and eventually the islands coalesce to 
form a continuous line. This behavior indicates that inhomogeneous growth at HfB2 sites 
is faster than homogeneous growth along the tip path. The rough morphology of the wires 
is similar to that seen before [23]. Two mechanisms can account for this rate difference. 
First, the HfB2 that is initially deposited may form catalytically active sites for 
subsequent deposition; thus reactivity is enhanced at initial islands relative to the Si 
substrate [30]. Second, the initial island sites protrude from the surface so that they are 
preferential targets for electrons from the tip, thus increasing the deposition rates at these 
sites in comparison to the surrounding surface [23]. 
After STM-EBID, there are bright features in the background around the HfB2 
wires. The density of these features increases with the writing time. Subsequent 
depassivation confirms that they are silicon dangling bonds.  They could be formed by 
spurious depassivation from the STM tip or by the atomic hydrogen released from the 
decomposed precursor molecules.  
The efficiency of precursor dissociation by the STM electron beam can be estimated 
from the volume of the HfB2 nanostructures deposited and the electron dose used. 
However, so far all the writing has been performed at local pressures of Hf(BH4)4 at or 
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below ~ 1 x 10-5 Torr. Under these conditions, the HfB2 growth rate increases with the 
precursor pressure but is insensitive to the writing current or electron dose, which 
indicates that the writing process is in the transport limited regime. In figure 3.4, we plot 
the number of HfB2 molecules versus writing time for a series of HfB2 nanowires. These 
wires were all deposited at 7 V, 0.1 nA, and the local Hf(BH4)4 pressure was ~ 1 × 10-5 
Torr. The number of molecules was estimated from the apparent volume of the HfB2 
wires and the bulk density of HfB2. Two growth regimes are clearly seen from the plot. At 
the initial growth regime, a low growth rate of ~45 molecules/sec is observed. We assume 
dehydrogenation and HfB2 nucleation occur in this regime. A higher growth rate of ~191 
molecules/sec is observed at the second growth regime, in which the subsequent 
deposition of HfB2 is on the HfB2 islands, giving rise to a higher growth rate. 
Scanning tunneling spectroscopy (STS) data have also been collected for each HfB2 
nanowire in Figure 3.3a to confirm metallic behavior. For each wire, ten I-V spectra were 
collected at different locations along the wire, mainly on HfB2 islands. The average I-V 
spectra are plotted on a semi-logarithmic scale in Figure 3.3c-f. The HfB2 nanowires are 
all metallic except line 1, which exhibits a small gap in the I-V spectrum, due to the 
incomplete coverage of this wire on the substrate. Due to the small size of the HfB2 
nanowires deposited on the surface, their chemical composition cannot be directly 
analyzed. However, the pure metallic behavior of the nanowires seen by STS suggests 
that the nanostructures very likely have compositions close to HfB2, which is the only 
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metallic phase in the Hf-B phase diagram (apart from Hf itself, which is unlikely to be 
formed under these conditions).  
HfB2 nanodots are deposited by holding the STM tip motionless at one location 
while dosing with Hf(BH4)4. Figure 3.5a shows four HfB2 nanodots formed by 
depositions of 5, 10, 20 and 25 sec, all with a +5 V sample voltage, a 1 nA tunneling 
current and a Hf(BH4)4 pressure of ~ 4 × 10-6 Torr. The height profiles of the nanodots are 
shown in figure 3.5b and c.  
We clearly see that nanodot height and width both increase with exposure time to 
the electron beam from the STM tip. The increased widths seen for increased write times 
are most likely due to the local dissociation rate of precursor exceeding the incorporation 
rate of HfB2 into the growing feature. Consequently, molecular fragments can diffuse 
laterally before being incorporated into the nanodot. Figure 3.5d and e are log(I)-V 
spectra maps taken along the dotted red lines in figure 3.5a, which elucidate local 
variations in electronic structure of the nanodots and the proximal Si surface. The HfB2 
nanodots show metallic behavior in the I-V maps, whereas the surrounding Si substrate 
remains semiconducting.  
By holding the STM tip at + 5 V and employing a 1 nA tunneling current for 1 sec, 
with a Hf(BH4)4 pressure of ~ 4 × 10-6 Torr, HfB2 dots with diameters less than 2.5 nm 
are deposited, as shown in figure 3.6a,b. Figure 3.6c and d show the log (I)-V maps along 
the dotted red lines in figure 3.6a. Despite the small amount of material deposited, the 
 38 
nanodots show pure metallic behavior, indicating that they consist of relatively pure 
HfB2.  
 
3.4 Conclusions 
 In summary, metallic HfB2 nanostructures have been deposited on H-passivated 
silicon surfaces by local decomposition of Hf(BH4)4 molecules under a STM tip at room 
temperature. HfBk nanowires with a line width of 4 nm and nanodots as small as 2.5 nm 
have been successfully deposited. STS data confirm that the nanostructures deposited are 
purely metallic, indicating that they are essentially pure HfB2. To our knowledge this is 
the first demonstration of sub-5 nm metallic nanostructures in an STM-EBID experiment, 
and it opens new opportunities for making deterministic molecular scale metallic 
contacts. 
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3.6 Figures 
 
 
 
 
 
Figure 3.1 (a) Filled states STM image after desorbing hydrogen in a square pattern by 
writing closely spaced parallel lines at a sample bias of 7 V, 0.1 nA and a line 
dose of 1.0×10-4 C/cm. (b) STM image of the patterned Si(100)-2×1:H surface 
after dosing with Hf(BH4)4 at room temperature. (c) Enlarged image of area 
highlighted in (b). 
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Figure 3.2 A HfB2 nanowire made by STM-EBID on a Si(100)2×1:H surface. (a) A 100 × 
100 nm2 STM image after direct writing a HfB2 line. The deposition conditions 
were: sample bias = 7 V, I = 0.1 nA, Hf(BH4)4 pressure = ~ 1 × 10-5 Torr. (b) 
Line contour from (a) perpendicular to the nanowire (yellow dotted line). (c) 
Line contour from (a) parallel to the nanowire (blue dashed line). 
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Figure 3.3 (a) Four HfB2 nanowires deposited on H-Si(100) surface by STM-EBID. The 
deposition conditions were: 5 V, 1 nA, Hf(BH4)4 background pressure = 2 × 10-9 
Torr. (b) STM topographic line contour from (a). (c,d,e,f) average I-V tunneling 
spectra for wires 1-4 shown in (a).  
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Figure 3.4 Number of HfB2 molecules versus writing time of a series of HfB2 nanowires  
(images not shown) deposited at 7 V and 0.1 nA with a Hf(BH4)4 pressure of 
~ 1 × 10-5 Torr.  
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Figure 3.5 (a) STM topograph of four HfB2 dots deposited by STM-EBID. Deposition 
conditions: Sample bias = 5 V, I = 1 nA, Hf(BH4)4 pressure = 4 × 10-6 Torr. 
The writing time for each dot is 5 s, 10 s, 20 s, and 25 s respectively. STM 
line contours are plotted in (b) for the top two dots and (c) for the bottom 
two dots. Log(I)-V spectra are plotted as a function of position for (d) the 
top two dots and (e) the bottom two dots. The dotted red lines in (a) denote 
where the I-V maps were obtained.  
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Figure 3.6 (a) STM topograph of two HfB2 dots deposited by STM-EBID. Deposition 
conditions: sample bias = 5 V, I = 1 nA, Hf(BH4)4 pressure = 4 × 10-6 Torr. 
The writing time for each dot is 1 s. (b) STM line contour taken along the 
yellow dotted line in (a). Log(I)-V spectra plotted as a function of position in 
(c) for the left dot and (d) the right dot. The solid red lines in (a) denote 
where the I-V maps were obtained. 
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CHAPTER 4 
 
 ELECTRICAL CHARACTERIZATION OF NANOMETER SCALE CONTACTS 
ON CARBON NANOTUBES WITH THE UHV-STM 
 
 
4.1 Introduction 
 
Carbon nanotubes (CNTs) are considered as building blocks in nanotechnology due 
to their unique electrical, thermal and mechanical properties. Motivated by integrating 
CNTs with the existing silicon-based CMOS technology, CNT field-effect transistors 
(CNTFETs) have already been fabricated and studied [1-4]. The electrical properties of 
the nanometer scale contact between an individual semiconducting nanotube and contact 
metal play a crucial role in the transport performance of the CNT-FETs [5-7]. Such 
nanoscale contacts are quite different from bulk semiconductors or metals, as the 
electrical behaviors of the contacts are strongly affected by their size and shape [8, 9]. 
Detailed analysis of the CNT/metal contact is necessary for a better understanding of the 
nature of metal-SWNT contacts. 
The electrical properties of a single walled carbon nanotube (SWNT)/metal contact 
can be inferred from I-V characteristics of CNT-FETs. However, the local changes in the 
electronic properties of the SWNT near the SWNT/metal interface are still unknown. 
Scanning tunneling spectroscopy (STS) is an ideal tool to acquire local electronic 
information at the atomic level. Ye et al recently demonstrated a way to form sub-5 nm 
HfB2 metal using a scanning tunneling microscope (STM) electron beam induced 
deposition (EBID) method.[10] In this letter, we fabricate nanometer scale HfB2/SWNT 
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nanocontacts using an ultrahigh vacuum (UHV) STM at room temperature. Spatially 
resolved I-V spectroscopy is used to characterize the electrical properties of the nanoscale 
contacts. 
 
4.2 Experimental Details 
 
Silicon samples were cut from a commercial boron doped Si(100) wafer of 
resistivity 0.01-0.02 Ω · cm into 4 × 9-mm2 rectangles and were mounted on a sample 
holder. After degassing in UHV by resistively heating at 600 °C overnight, samples were 
flashed to ~ 1200 °C several times to form the clean Si(100)-2×1 surface. The 
reconstructed silicon samples were hydrogen-passivated by exposing samples to atomic 
H, produced by dissociating H2 at a hot (~ 1500 °C) tungsten crack filament. The 
passivation process lasted 10 min at a hydrogen background pressure of ~ 1 × 10-6 Torr. 
Silicon samples were kept at 377 °C to ensure monohydride coverage [11]. 
SWNTs were deposited onto the Si(100)-2×1:H surface using a UHV compatible 
dry contact transfer (DCT) method [12]. A braided fiberglass applicator loaded with 
SWNT powder was first annealed in UHV at > 200 °C for several hours to drive off 
undesired adsorbates from the SWNTs. Then it was brought into direct contact with Si 
surface by a wobble stick in situ. Most SWNTs deposited on the surface are isolated, 
rather than bundled, with minimal surface contamination. SWNTs used in this work were 
as-produced HiPco [13] SWNTs, which have an average diameter of ~ 1nm, estimated 
from STM height measurements. 
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Hafnium diboride (HfB2) metal contacts at the nanometer scale were directly 
written onto the Si(100)-2×1:H surface and across SWNTs using the STM electron beam 
induced deposition (STM-EBID) method [10]. To laterally manipulate SWNTs on the 
surface, the STM tip was lowered and brought into direct contact with the sidewall of the 
SWNT.  A typical tip velocity of 1 nm/s was used. The detail of this technique was first 
reported by Albrecht, et.al.[14]. 
The STM experimental data were collected at room temperature within a homebuilt 
UHV-STM [15] with a base pressure of approximately 7 ×10-11 Torr. Electrochemically 
etched polycrystalline tungsten tips were used. In our experimental setup, the tip is 
grounded through a current preamplifier and the bias voltage is applied to the sample. 
STM images were acquired in constant current mode, with a typical tunneling current of 
50 pA and a sample bias of -2.0 V. STS was performed by collecting tunneling 
current-voltage (I-V) spectra at user defined locations within the scan window. The tip is 
held at those locations with the feedback loop temporarily disabled. Tunneling current is 
recorded while sweeping sample bias from -2.0 V to +2.0 V.  
 
4.3 Results and Discussion 
 
Figure 4.1a shows an STM topographic image of an isolated 15-nm-long SWNT. 
The Si dimer rows are resolved around the SWNT. The SWNT shows an apparent height 
of 0.97 nm. Figure 4.1b shows a ~ 15-nm-long HfB2 nanowire written across the SWNT. 
The HfB2 wire was deposited at a +7 V sample bias and a 1 nA tunneling current with a 
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writing speed of 100 nm/s. During writing, the STM tip scanned across the SWNT 10 
times in a local Hf(BH4)4 pressure of ~ 2 × 10-5 Torr. Figure 4.1c and 1d show line 
contours along the SWNT (orange dashed line) and the HfB2 wire (blue dotted line), 
respectively. The height profiles show that the HfB2 wire is about 2 nm thick on average 
both on the Si substrate and on the SWNT, indicating that the HfB2 wire was 
conformably written across the SWNT. The HfB2 wire is composed of a few islands, 
which is consistent with our previous results [10]. A HfB2 island is attached directly to 
the sidewall of the SWNT. The attachment is so strong that the island could not be moved 
by subsequent lateral manipulation by the STM tip, which suggests that the HfB2 island 
may chemically bond to the SWNT, rather than just physisorb.  
To investigate the electronic properties of the nanocontact to the SWNT, we directly 
wrote HfB2 across the center of a longer SWNT to avoid the influence of the end states of 
SWNT. The topographic image of the SWNT is displayed in Figure 4.2a. The isolated 
SWNT spans over several terraces of the surface. Figure 4.2b is an STM image after 
contacting the SWNT with a HfB2 nanowire written with a sample bias of 5V a tunneling 
current of 1 nA, and a Hf(BH4)4 pressure of ~ 1 × 10-7 Torr. Two HfB2 islands contact the 
sidewall of the SWNT. STS measurements were conducted along the SWNT both before 
and after HfB2 deposition. A full I-V spectrum was acquired at each pixel along the axis 
of the nanotube indicated by red dotted lines in figure 4.2a and 4.2b. Log I-V spectra 
maps are plotted in figure 4.2c and 4.2d respectively, with the position along the length of 
the tube represented on the horizontal axis, the applied sample bias plotted on the vertical 
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axis, and the log I value color-mapped onto the plane. Before contacting with HfB2, the 
nanotube has a constant bandgap of about 1.5 eV. The reduced bandgap at the right end is 
due to end states of the SWNT [16]. The p-type nature and variations in conduction and 
valence bands indicate a strong interaction between the Si substrate and the nanotube. 
After writing HfB2 across the tube, the boundaries between the metal contact and the 
semiconducting SWNT are spatially resolved both in the topographic image (figure 4.2b) 
and I-V spectra map (figure 4.2d). Although there are clearly abrupt junctions between 
HfB2 and SWNT in the STM topographic image, the full bandgap of the SWNT adjacent 
to the metal is only gradually recovered. The transition from metallic to semiconducting 
behavior extends 2.48 nm to the left and 2.36 nm to the right of the metal-semiconductor 
junction. Ruppalt et al. observed a similar transition at the interface of a 
metal-semiconductor SWNT intramolecular heterojunction [17]. We attribute the 
enhanced conductivity in the transition regions to the existence of metal induced gap 
states (MIGS) [17-20]. 
While the electronic transition regions are clearly present when we directly wrote 
HfB2 contacts onto the sidewall of the SWNT, as shown in figure 4.2, the electronic 
property of the nanotube section beneath the metal is still unclear. To elucidate the 
electronic property of the nanotube itself in direct contact with the metal, we first 
deposited the HfB2 metal on the surface around 10 nm away from a SWNT, as shown in 
figure 4.3a. With the STM tip we can conveniently manipulate the SWNT onto the HfB2 
cluster, as shown in figure 4.3b. A small HfB2 island was moved by the STM tip and 
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attached to the left end of the SWNT during the subsequent scanning process. Figure 4.3c 
shows an STM image after the nanotube was manipulated off the HfB2 cluster. The scan 
was rotated counterclockwise 25 degrees relative to Figure 4.3a and 4.3b. No defect was 
observed on the visible part of the SWNT after the manipulations. Figure 4.3d shows Log 
I-V spectra taken along the SWNT axis, as indicated in figure 4.3c. The SWNT has a 
constant band gap of 1.12 eV away from the left end, where the reduced band gap is due 
to end states. No change in the electronic property of the semiconducting SWNT further 
confirms unaltered SWNT structures during the manipulation process. 
To elucidate the detailed electronic structure of the HfB2 nanocontact on the 
semiconducting SWNT, we took full I-V spectra along the SWNT axis, as indicated by 
the red line shown in figure 4.4a, while the SWNT was in contact with the HfB2. Clearly 
the band structure of the SWNT at the contact has changed dramatically compared to the 
area > 6 nm away from the contact. Strong band bending is observed in both the 
conduction and valence bands at an area about 13-nm long along SWNT axis at the 
HfB2/SWNT contact. This region corresponds well with the 13-nm-long SWNT section 
which is lifted by the HfB2 cluster, as shown in the height profile of the SWNT in figure 
4.4b. At the metal-semiconductor interface, a difference in work function will result in 
band bending of the semiconductor [21]. The work function of HfB2 is 3.85 eV [22], 
while the work function of SWNT is near 4.50 eV [23]. This work function difference 
results in a Schottky barrier (SB) at the HfB2/SWNT interface. Charge transfer between 
the HfB2 metal and semiconducting SWNT shifts the Fermi energy away from the 
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valence band of the SWNT. We also note that the SB height is not constant along the 
SWNT axis. It decreases away from the HfB2/SWNT contact. According to the 
topographic image and height profile of the SWNT shown in figure 4.4a and 4.4b, the 
SWNT winds over a ~ 5.3 nm wide HfB2 cluster. The SWNT is lifted to a maximum 
height of ~ 0.7 nm at the center of the contact. Due to van der Waals forces pulling the 
SWNT toward the surface, the interfacial distance between the HfB2 and the SWNT 
reaches a minimum at the center of the contact, and increases when moving away from 
the contact. The SB height decreases with the increase of the interfacial distance [24] so 
that we see a decrease of the SB height away from the contact.  
Directly at the center of the contact, a ~1-nm long metallic region is induced in the 
semiconducting SWNT. Previous theoretical works [25, 26] indicate that the electronic 
structure of the contact between a metal and a semiconducting SWNT depends on the 
type of metal. Certain metals, such as Ti [26] and Mo [25], can form strong chemical 
bonds to the semiconducting SWNT, which can lead to metallicity at the contact. 
However, since we can manipulate the SWNT freely on and off the HfB2 cluster without 
introducing structural defects in the nanotube, it is unlikely that there exist strong 
chemical bonds between HfB2 metal and the semiconducting SWNT. Instead, we propose 
that the metallicity of the SWNT at the contact is from the strong Schottky barrier at the 
HfB2/SWNT interface. By extrapolating the valence band edge toward the center of the 
contact, we estimated that the SB height at the center is > 0.6 eV, which is in agreement 
with the work function difference between HfB2 and the SWNT. Such a strong barrier 
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bends the conduction band down to the Fermi energy, and, together with the thermal 
broadening effect and MIGS at the contact, inversion could occur and lead to the 
accumulation of electrons at the M-S interface. Thus we ascribe the metallicity of the 
SWNT at the contact to HfB2 metal induced metallicity. Once the SWNT is moved away 
from the metal, the semiconducting bandgap of the SWNT recovers, as shown in figure 
4.3d. 
MIGS are also observed at the HfB2/SWNT nanocontact. However, the slopes of 
the energy bands are steep only when close to the center of the contact, and are flat 
beyond ~ 1 nm away from it. Since here the coupling between the HfB2 and SWNT is 
weak and the metal wave function decays across a significant van der Waals separation, 
the MIGS will provide significant bandgap reduction only close to the center of the 
contact.  
 
4.4 Conclusions 
 
In summary, we formed nanometer scale HfB2 contacts on SWNTs using a 
UHV-STM. STS was used to elucidate the detailed electronic structure of the nanocontact. 
HfB2 can be conformably directly written across the side-wall of SWNTs. With HfB2 
deposited directly on the sidewalls of SWNTs, enhanced conductivity in adjacent 
semiconducting SWNT regions was induced by MIGS, suggesting that the HfB2 could be 
chemically bonded to SWNT. To investigate the detailed electronic structure of 
HfB2/SWNT nanocontacts, we used STM tip to push a SWNT onto a HfB2 cluster. A 
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strong Schottky barrier is formed at the contact, which induces metallicity in the SWNT. 
The Schottky barrier height decreases away from the contact due to the increase of 
interfacial distance between HfB2 and SWNT. The change of the electronic behavior due 
to proximit to the HfB2 island is reversible, as the band gap of the SWNT is recovered 
once the SWNT is moved away from the HfB2 metal. 
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4.6 Figures 
 
 
  
 
Figure 4.1 A HfB2 nanowire directly written across an SWNT by STM-EBID. (a) Filled 
states image of an isolated SWNT adsorbed on Si(100)-2×1:H surface before 
writing. (b) After direct writing of a HfB2 nanowire across the SWNT in (a). 
Writing conditions: sample bias = 7 V, tunneling current = 1nA, Hf(BH4)4 
pressure = ~ 3 × 10-5 Torr. (c) Height profile along the SWNT indicated by the 
orange dashed line in (b). (d) Height profile perpendicular to the SWNT 
indicated by the blue dotted line in (b). 
(a)
(d) 
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Figure 4.2 (a) STM topographic image of a SWNT. (b) A HfB2 nanowire was written 
across the SWNT 24 nm away from the right end of the SWNT. Writing 
conditions: sample bias = 5 V, tunneling current = 1 nA, Hf(BH4)4 pressure 
= ~ 1 × 10-7 Torr. (c) Log I-V color spectra map as a function of position 
along SWNT axis, as indicated by the red dotted line in (a). (d) Log I-V 
color spectra map taken along the length of the SWNT, as indicated by the 
red dotted line in (b). Dotted lines denote metal to semiconductor transition 
regions.  
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Figure 4.3 (a) STM topographic image of a HfB2 cluster directly written close to a 
SWNT. (b) After manipulating the SWNT onto the HfB2 cluster. (c) The 
SWNT was subsequently manipulated off the HfB2 cluster. (d) Log I-V color 
spectra map taken along the CNT axis as indicated by the red dotted line in 
(c). 
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Figure 4.4 (a) STM image of an SWNT on a HfB2 cluster. (b) Log I-V spectra map and 
SWNT height profile as a function of the position along the SWNT axis, as 
indicated by the red line in (a).  
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CHAPTER 5 
 
CONCLUSIONS 
 
 
In this thesis, the UHV-STM has been used to fabricate nanometer scale metallic 
features on the Si(100)-2×1:H surface either by FCL or STM-EBID. STS is used to study 
the electronic properties of nanoscale metallic features on the silicon surface and 
nanoscale metal/SWNT contacts.  
In Chapter 2, Si dangling bonds and unpaired DB wires were fabricated on a 
hydrogen passivated Si (100) surface using the FCL technique. STS studies found that the 
surface state of an unpaired DB decays anisotropically into the adjacent Si region. The 
decay length of the DB state can be as long as ~ 1.9 nm along the dimer row direction, 
while only ~ 1.4 nm in the direction perpendicular to the Si dimer row. For an unpaired 
DB wire, the decay length of the DB states along the Si dimer row direction increases to 
~ 2.5 nm due to increasing interactions between DBs, while the decay length is 
comparable to that of a single unpaired DB in the direction across the dimer row. The 
unpaired DB being used to tune the bandgap of an adjacent paired DB is also 
demonstrated. The experimental results were in very good agreement with simulation 
results. 
Chapter 3 describes direct writing of sub-5 nm HfB2 metallic nanostructures using 
the STM-EBID method. Using a UHV-STM, the carbon-free precursor Hf(BH4)4 can be 
decomposed under the STM tip leading to HfB2 deposition at the tip location only. HfB2 
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nanowires with a linewidth of 4 nm and nanodots as small as 2.5 nm have been deposited. 
STS is used to confirm the pure metallic behavior of the HfB2 nanostructures. This is the 
first demonstration of sub-5 nm metallic nanostructures in an STM-EBID experiment, 
which opens opportunities for molecular scale metallic contacts. 
Chapter 4 addresses electronic properties of nanoscale contacts between HfB2 
metals and semiconducting SWNTs. A UHV-STM is used to form the nanocontacts either 
by direct writing HfB2 onto the side-wall of a SWNT, or by manipulating a SWNT onto a 
HfB2 nanostructure. STS is used to elucidate the electronic structure of the nanocontacts. 
By direct writing HfB2 on the SWNT, MIGS at the contact enhances the conductivity of 
the adjacent semiconducting SWNT region. By manipulating the SWNT into direct 
contact with the HfB2, a strong Schottky barrier is formed at HfB2/SWNT interface, 
which induces metallicity in the SWNT. The Schottky barrier height decreases with the 
increase of HfB2/SWNT interfacial distance. The change of the electronic behavior due to 
proximity to the HfB2 island is reversible, as the original band gap of the SWNT is 
recovered once the SWNT is moved away from the HfB2 metal. 
Future experiments may involve inducing electronic heterostructures in nanotubes 
by controlling the spatial proximity between sections of a semiconducting SWNT and 
metallic nanostructures written on the surface. Coulomb blockade structures in which 
induced metallic nanotube segments are separated by semiconducting nanotube tunnel 
barriers are one possible structure that could be fabricated by this methodology. 
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